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RESUMEN
En este trabajo se presenta una revisión del efecto del
hidrógeno en los materiales. Aspectos generales de la inte-
racción del hidrógeno con los materiales, fragilización por
hidrógeno, efecto de las bajas temperaturas, materiales
adecuados para su uso en aplicaciones de hidrógeno y los
ensayos de los materiales son los principales aspectos
tratados en la primara parte del trabajo. A continuación, y
como un caso particular del efecto del hidrógeno en los
materiales, se considera la formación de hidruros en ale-
aciones de titanio. Las aleaciones de titanio alfa se con-
sideran materiales resistentes a la corrosión en un amplio
rango de medios de servicio. Sin embargo, la absorción
de hidrógeno y los posibles problemas asociados deben
tenerse en consideración cuando se contempla el uso de
aleaciones de titanio en aplicaciones de alta responsabi-
lidad. En este trabajo se ha estudiado la sensibilidad de
tres aleaciones de titanio, Ti Gr-2, Ti Gr-5 y Ti Gr-12, a la
fisuración bajo tensión asistida por hidrógeno mediante
la técnica de ensayo de tracción a velocidad lenta de defor-
mación. El medio de ensayo ha sido agua de mar y se ha
producido el hidrógeno en la superficie de la probeta duran-
te el ensayo mediante la aplicación de un potencial cató-
dico. Las probetas ensayadas se han caracterizado
mediante estudios metalográficos y de microscopía elec-
trónica de barrido. Los resultados obtenidos indican que
la microestructura de los materiales, particularmente el
contenido en fase β, juega un papel importante en la sen-
sibilidad de los materiales estudiados al fenómeno de la
fisuración bajo tensión asistida por hidrógeno.
Palabras clave: Hidrógeno. Aleaciones de titanio. Fra-
gilización. Hidruros.
SUMMARY
A review of the effect of hydrogen on materials is addres-
sed in this paper. General aspects of the interaction of
hydrogen and materials, hydrogen embrittlement, low tem-
perature effects, material suitability for hydrogen service
and materials testing are the main subjects considered in
the first part of the paper. As a particular case of the effect
of hydrogen in materials, the hydride formation of titanium
alloys is considered. Alpha titanium alloys are considered
corrosion resistant materials in a wide range of environ-
ments. However, hydrogen absorption and the possible
associated problems must be taken into account when
considering titanium as a candidate material for high res-
ponsibility applications. The sensitivity of three different
titanium alloys, Ti Gr-2, Ti Gr-5 and Ti Gr-12, to the Hydrogen
Assisted Stress Cracking phenomena has been studied
by means of the Slow Strain Rate Technique (SSRT). The
testing media has been sea water and hydrogen has been
produced on the specimen surface during the test by cat-
hodic polarization. Tested specimens have been charac-
terized by metallography and scanning electron micros-
copy. Results obtained show that the microstructure of
the materials, particularly the β phase content, plays an
important role on the sensitivity of the studied alloys to the
Hydrogen Assisted Stress Cracking Phenomena.
Key words: Hydrogen. Titanium alloys. Embrittlement.
Hydrides.
RESUM
En aquest treball, es presenta una revisió de l’efecte del
hidrogen en els materials. Els principals punts tractats en
la primera part del treball inclouen aspectes generals de
la interacció del hidrogen amb els materials, fragilització
per hidrogen, efecte de les baixes temperatures, mate-
rials adients per ser emprats en aplicacions del hidrogen
i els assajos dels materials. Tot seguit, i com a cas parti-
cular de l’efecte del hidrogen en els materials, es consi-
dera la formació d’hidrurs en aliatges de titani. Els aliat-
ges de titani alfa es consideren materials resistents a la
corrosió en un ampli ventall de mitjans de servei. Tan-
mateix, l’absorció d’hidrogen i els possibles problemes
associats s’han de tenir en compte quan hom contempla
l’ús d’aliatges de titani en aplicacions d’alta responsabi-
litat. En aquest treball, s’estudia la sensibilitat de tres aliat-
ges de titani, Ti Gr-2, Ti Gr-5 i Ti Gr-12, a la fissuració sota
tensió assistida per hidrogen mitjançant la tècnica d’as-
saig de tracció a velocitat lenta de deformació. El medi
d’assaig és aigua de mar i es produeix el hidrogen en la
superfície de la proveta durant l’assaig mitjançant l’apli-
cació d’un potencial catòdic. Les provetes assajades s’han
caracteritzat mitjançant estudis metal·logràfics i de
microscòpia electrònica d’escombratge. Els resultats
obtinguts indiquen que la microestructura dels materials,
particularment el contingut en fase β, juga un paper impor-
tant en la sensibilitat dels materials estudiats al fenomen
de la fissuració sota tensió assistida per hidrogen.
Mots clau: Hidrogen. Aliatges de titani. Fragilització.
Hidrurs.
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1. INTRODUCTION. COMPATIBILITY
OF MATERIALS WITH HYDROGEN
All materials deform under load. Ductility is the ability to
deform permanently prior to fracture. Most materials beha-
ve linearly under low loads. A material is elastic if, after
being elongated under stress, it returns to its original sha-
pe as soon as the stress is removed(1).
At a certain strain, when the load exceeds the yield load
called ‘yield stress’, the stress strain behaviour becomes
non-linear. Behaviour is not reversible, i.e. permanent chan-
ges in shape occur, but the volume remains constant. A
further increase of the strain eventually reaches the ulti-
mate load called ‘ultimate tensile stress’ beyond which the
stress decreases finally leading to rupture.
Ductile materials can accommodate local stress concen-
trations, they can be greatly bent and reshaped without
breaking. In contrast, brittle materials have only a small
amount of elongation at fracture.
Hydrogen can have two main damaging effects
on materials:
– Low temperature effect. At low temperature for exam-
ple, when it is stored in liquid form, it can have an indirect
effect called “cold embrittlement”. This effect is not spe-
cific to hydrogen and can occur with all the cryogenic gases
if the operating temperature is below the ductile-brittle
transition temperature.
Cryogenic temperatures can affect structural materials.
With decreasing temperature, there is a decrease in tough-
ness that is very slight in face centred cubic materials, but
can be very marked in body centred cubic ones such as
ferritic steels. Metals that work successfully at low tem-
peratures include aluminium and its alloys, copper and its
alloys, nickel and some of its alloys, as well as stable aus-
tenitic stainless steels.
– Hydrogen embrittlement. Hydrogen can have a direct
effect on the material by degrading its mechanical pro-
perties; this effect is called “hydrogen embrittlement” and
is specific to the action of hydrogen and some other hydro-
genated gases. Hydrogen has to breakdown from its mole-
cular into the atomic form in order to be able to enter the
material and to produce the deleterious effect on its pro-
perties.
The effect of hydrogen on material behaviour, on its phy-
sical properties, is a fact. Hydrogen may degrade the
mechanical behaviour of metallic materials and lead them
to failure.
Hydrogen embrittlement affects the three basic systems
of any industry that uses hydrogen: Production, Trans-
port/Storage and Use.
When tensile stresses are applied to a hydrogen embrit-
tled component, it may fail prematurely in an unexpected
and sometimes catastrophic way. An externally applied
load is not required as the tensile stresses may be due to
residual stresses in the material. The threshold stresses
to cause cracking are commonly below the yield stress of
the material. Thus, catastrophic failure can occur without
significant deformation or obvious deterioration of the com-
ponent.(3)
It can take place in two different ways:
– Internal Hydrogen Embrittlement. Takes place when
hydrogen enters the metal during its processing. It is a phe-
nomenon that may lead to the structural failure of material
that never has been exposed to hydrogen before. Internal
cracks are initiated showing a discontinuous growth. Not
more than 0.1 - 10 ppm hydrogen in the average are invol-
ved. The effect is observed in the temperature range bet-
ween 173 and 373 K and is most severe near room tem-
perature.
– External Hydrogen Embrittlement. Occurs when the mate-
rial is subjected to a hydrogen atmosphere, e.g. storage
tanks. Absorbed and/or adsorbed hydrogen modifies the
mechanical response of the material without necessarily
forming a second phase. The effect strongly depends on
the stress imposed on the metal. It also maximizes at around
room temperature.
The hydrogen that has entered the material can be either
in interstitial solid solution state or in a combined state for-
ming H2, CH4 or hydrides.
When hydrogen is dissolved in the material as interstitial
solid solution and promoting lattice decohesion, the phe-
nomenon is called «gaseous hydrogen embrittlement». It
takes place generally at temperatures close to ambient
and the transport of the hydrogen occurs mainly by the
net dislocations when the material is undergoing defor-
mation.
When hydrogen is present in a combined state, it is a mat-
ter of «hydrogen attack». It is a phenomenon in which the
hydrogen chemically reacts with a constituent of the metal
to form a new microstructural element or phase. The hydro-
gen can react with the carbon of the alloy to form mole-
cules of methane; this leads to the formation of micro-cavi-
ties and to a lack of carbon in the alloy. Atomic hydrogen
can also recombine forming hydrogen molecules. Hydrogen
can react with a specific element forming hydrides preci-
pitating in a new phase. In all these cases, hydrogen is
transported mainly by diffusion and the phenomenon
is increased with the temperature.
The case of hydride formation in titanium alloys is a typi-
cal one. The microstructure of these alloys consists usually
of two phases (α and β) with different hydrogen solubility
and diffusivity. Hydrogen enters the alloy via grain boun-
daries or other easy paths as β phase, forming hydrides
that precipitate in the α phase.
This particular case of the hydride formation in titanium
alloys is the considered in this paper.
2. EXPERIMENTAL
2.1. Materials
The studied materials have been the alpha titanium alloys
Ti Gr-2, Ti Gr-5 and Ti Gr-12 (ASTM B-265)(4), hot rolled
and annealed. Their chemical composition is given in
table 1.
Figure 1. Ductile and brittle behaviour [2].
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2.2. Test conditions and experimental set-up
The sensitivity of the studied materials to Hydrogen Assisted
Stress Cracking (HASC) has been studied by means of the
Slow Strain Rate Technique (SSRT). 
The experiments were carried out using constant exten-
sion rate tensile testing machines of 50 kN capacity and
selectable crosshead speed within the range of 0.1 to
10–6 mm/s. 
Round tensile test specimens were located in Hastelloy
C-276 autoclaves and attached to a fixed frame by one
end and to the pull rod by the other. 
Fittings made of ZrO2 were used to ensure the electrical
insulation of the specimens from the autoclave (Figure 2).
Specimens were tested in sea water at strain rates ranging
from 10–4 s–1 to 10–7 s–1, temperatures of 90 and 170 ºC, and
an argon pressure of 10 bar. In order to be able to com-
pare the results obtained in sea water, additional tests were
also carried out in argon as an inert medium.
Once the test specimen was attached, autoclaves were
filled either with sea water or argon, closed, pressurized
and heated; when test temperature and pressure were rea-
ched, the specimens were pulled until fracture at the selec-
ted actuator displacement speed. 
In tests with applied polarization, hydrogen was cathodi-
cally produced on the specimen surface using a poten-
tiostat. The specimen was located in the autoclave toget-
her with the reference (Ag/AgCl) and counter (platinum)
electrodes, –1000 and –1500 mV (Ag/AgCl) being the applied
potentials. Tests were performed at 90ºC and a strain rate
of 10–6 s–1. Great care was taken to avoid shorting of elec-
trical connections.
Load, position of the actuator, time and temperature data
were continuously logged during the test by means of the
microprocessor that controlled the testing machine. After
each test, the elongation, reduction of area, energy, yield
strength, maximum load, and true stress at fracture were
the measured parameters to assess the loss of ductility
and sensitivity of the studied materials to the HASC. This
was complemented by metallographic studies performed
by optical microscopy on probes prepared from longitu-
dinal cuts of the tested specimens (Figures 4, 5 and 6), and
fractographic studies of the fracture surface of the speci-
mens by scanning electron microscopy (Figure 3).
TABLE I
Chemical composition of studied titanium alloys (weight %).
Alloy N C H O Fe Al V Mo Ni Ti
Ti Gr-2 0,003 0,005 0,003 0,126 0,048 – – – – bal.
Ti Gr-5 0,011 0,020 0,008 0,144 0,180 6,4 3,8 – – bal.
Ti Gr-12 0,017 0,010 0,002 0,150 0,110 – – 0,26 0,66 bal.
Figure 2. General view of
the SSRT equipment. Detail
of testing specimen in the
autoclave.
Figure 3. Secondary cracking on lateral surface of Ti Gr-12
specimen tested at a strain rate of 2x10–7 s–1 in sea water
with a cathodic polarization of –1500 mV (Ag/AgCl).
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3. RESULTS
No loss of ductility was noticed for Ti Gr-2 and Ti Gr-5 alloys
at any of the testing conditions, even in tests performed
with cathodic polarization. No secondary cracks were
observed in the metallographic studies and the fracture
surface features did not change from tests performed in
argon to those in sea water; in all cases a fully ductile frac-
ture surface was observed. 
The same was noticed in the case of Ti Gr-12 when tested
in argon and sea water. But results changed for this alloy
when cathodic polarization was used; in tests performed
with –1000 mV, a slight loss of ductility was observed, this
loss of ductility being manifested in the mechanical para-
meters of elongation and reduction of area of the speci-
men. When the applied cathodic polarization was of –1500
mV (Ag/AgCl), an important loss of ductility and secondary
cracks due to hydride precipitation were observed. Figure 3
shows lateral surface cracking suffered by the specimen
near the fracture zone. Figures 4, 5 and 6 show hydride
channels penetrating from the surface of a Ti Gr-12 alloy
specimen. These channels provided paths for the deve-
lopment of brittle cracks during straining. 
The thickness of the titanium hydride layer formed on
the specimen surface when tested in the highest cathodic
pollarization condition, –1500 mV (Ag/AgCl), has resulted
to be of up to 30 μm for the Ti Gr-2 alloy, 120 mm for the
Ti Gr-12 alloy and has not been observed in the case of Ti
Gr-5 alloy.
4. COMMENTS
The different SCC behaviour of the studied titanium alloys
when cathodic polarization is applied, seems to be asso-
ciated with the easy of penetration and solubility of hydro-
gen into the metal during slow straining. In order to explain
this behaviour, the following aspects should be taken into
account:
1. The solubility of hydrogen in the alfa phase at the eutec-
tic temperature (300ºC) is of 6,72% atomic (1500 ppm); this
solubility is of 39% atomic (13200 ppm) at the same tem-
perature in beta phase(5).
2. The beta phase content is negligible for Ti Gr-2 alloy, appro-
ximately 3% volume for Ti Gr-12(6) and 15% for Ti Gr-5(7).
3. The diffusivity of hydrogen in titanium alpha phase is
considerably lower than in the beta phase(8, 9). A summary
of diffusion data obtained in studies performed in different
alloys are collected in Table 2.
The short hydride layer produced and the absence of hydri-
de induced secondary cracking on the Ti Gr-2 alloy can be
explained by the low solubility and diffusivity of hydrogen
in this fully alpha alloy. In the case of Ti Gr-12, the small
amount of beta phase, is able to channel the hydrogen
towards the bulk material increasing its penetration; when
saturation of hydrogen is reached, hydrides precipitate in the
alpha phase inducing cracking. (Figures 7 and 8)(10, 11, 12).
In the case of the Ti Gr-5 alloy, the beta phase content
seems to be enough to dissolve the hydrogen produced
on the specimen surface during the test, without produ-
cing nor hydride precipitation nor secondary cracking. 
Figure 4. Hydride layer and secondary cracks on lateral
surface of Ti Gr-12 specimen tested at a strain rate of
2×10–7 s–1 in sea water with a cathodic polarization of –1500
mV (Ag/AgCl).
Figure 5. Hydride layer and secondary cracks on lateral
surface of Ti Gr-12 specimen tested at a strain rate of
2×10–7 s–1 in sea water with a cathodic polarization of -1500
mV (Ag/AgCl).
Figure 6. Hydride layer and secondary cracks on lateral
surface of Ti Gr-12 specimen tested at a strain rate of 2x10–7
s–1 in sea water with a cathodic polarization of –1500 mV
(Ag/AgCl).
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5. CONCLUSIONS
No sensitivity to Stress Corrosion Cracking was observed
for titanium alloys grades 2, 5 and 12 when tested in sea
water at temperatures up to 170ºC. 
No sensitivity to Hydrogen Assisted Stress Cracking was
observed for titanium alloys grades 2 and 5 when tested
in sea water and with cathodic polarization of up to –1500
mv (Ag/AgCl).
However, Ti Gr-12 alloy has suffered loss of ductility and
secondary cracking due to hydride precipitation when cat-
hodic polarization is applied to the specimen during the
SSR test, that showing a clear sensitivity to Hydrogen
Assisted Stress Cracking.
The present work consists of an example of the hydrogen
damage to materials by the hydride formation type. 
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TABLE II
Hydrogen Diffusion in Titanium.
Phase Diffusion Coefficient (cm2.s_1)
Values at (cm2.s–1)
Ref.
25ºC 80ºC
α Dα = 6 × 10–2.exp(–14400±800/RT),,, 3,2 × 10–12 1,4 × 10–10 [8]
β Dβ = 1,58 × 10–3.exp(–5140±300/RT) 3,3 × 10–70 1,1 × 10–60 [9]
Figure 7. Back scattered electron image of Ti Gr-12 spe-
cimen tested at a strain rate of 2×10–7 s–1 in sea water with
a cathodic polarization of –1500 mV (Ag/AgCl).
Figure 8. Back scattered electron image of Ti Gr-12 spe-
cimen tested at a strain rate of 2×10–7 s–1 in sea water with
a cathodic polarization of –1500 mV (Ag/AgCl).
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